The objective of this study was to investigate whether the superantigen staphylococcal enterotoxin A (SEA), which binds to HLA class II and T-cell receptor V␤ chains, can direct cytotoxic T cells to lyse cytokinestimulated endothelial cells (EC). In addition, we wanted to determine whether SEA-primed cytotoxic T cells could be targeted to EC surface molecules as a means of a novel cancer immunotherapy. Human umbilical vein EC (HUVEC), dermal microvascular EC (HMVEC), or the EC line EA.hy926 stimulated with gamma interferon (IFN-␥) or tumor necrosis factor alpha (TNF-␣) displayed upregulated HLA class II and adhesion molecule (CD54 and CD106) expression, respectively. SEA-primed T cells induced a strong cytotoxicity against IFN-␥-and TNF-␣-activated EA.hy926 which had been preincubated with SEA. Blocking of CD54 completely abrogated the T-cell attack. SEA-D227A, which has a mutated class II binding site, did not promote any cytotoxicity. A strong lysis was observed when a fusion protein consisting of protein A and SEA-D227A was added together with T cells to TNF-␣-induced EA.hy926 and HUVEC precoated with monoclonal antibodies (MAb) directed against HLA class I, CD54, or CD106 molecules. Finally, an scFv antibody fragment reactive with an unknown EC antigen was fused with SEA-D227A. Both EA.hy926 and HMVEC were efficiently lysed by scFv-SEA-D227A-triggered cytotoxic T cells. Taken together, superantigen-activated T-cell-dependent EC killing was induced when EC expressed an inflammatory phenotype. Moreover, specific MAb targeting of the superantigen to surface antigens induced EC lysis. Our data suggest that directed T-cell-mediated lysis of unwanted proliferating EC, such as those in the tumor microvasculature, can be clinically useful.
Endothelial cells (EC) line the blood vessels and form a barrier between blood components and the tissues; they also play a crucial role in inflammatory responses, immune reactions, and vascular hemostasis (24) . The cytokines interleukin-1 (IL-1) and tumor necrosis factor alpha (TNF-␣) are secreted by leucocytes in response to various microorganisms during the early phase of an inflammatory response. This results in the activation of EC and production of autacoids, including prostanoids, platelet-activating factor, and nitric oxide. Activated EC display an increased cell surface expression of adhesion molecules, such as E-selectin (CD62E), ICAM-1 (CD54), PECAM-1 (CD31), and VCAM-1 (CD106), which facilitate the extravasation of leukocytes from the microvasculature to inflammatory sites in the peripheral tissues (14, 21) . Increased concentrations of gamma interferon (IFN-␥) are also detected during the later stages of an inflammatory response and may result in the induction of HLA class II surface expression, upregulation of HLA class I density, and enhanced peptide transport capacity in EC (6, 23) . These phenotypic changes allow EC to serve as antigen-presenting cells (APC) and suggest that EC plays an active role during several phases of an immune response.
Certain strains of Staphylococcus aureus produce immunostimulatory exotoxins, such as toxic shock syndrome (TSS) toxin 1, staphylococcal enterotoxin A (SEA), SEB, and SEC, all of which are associated with food poisoning and TSS (for a review, see reference 31). These exotoxins have been denominated superantigens (SAg) due to their ability to activate a high frequency of T lymphocytes. SAg bind as unprocessed proteins to HLA class II molecules on APC and oligoclonally activate T cells expressing particular T-cell receptor V␤ chains (25) . In vivo exposure to excessive amounts of SAg results in a strong cytokine production, including IL-2, TNF-␣, and IFN-␥, which are associated with a toxic shock-like syndrome (15, 27, 34) .
Interestingly, SAg binds to not only professional APC but also to other HLA class II-bearing cells, such as activated human umbilical vein EC (HUVEC) (37) . It has been demonstrated that bacterial SAg efficiently bind HLA class II-positive, activated EC and subsequently trigger human T cells to proliferate and produce cytokines (2, 17) . SAg-and EC-induced T-cell activation appears to be strongly inhibited by monoclonal antibodies (MAb) to CD2, CD11a, CD28, ICAM-1, and VCAM-1, suggesting that multiple adhesion pathways contribute to EC-T-cell interactions (17) .
In the present study, we show that the SAg SEA was able to induce T-cell-directed cytotoxicity against activated HLA class II-positive EC (SAg-dependent cellular cytotoxicity [SDCC]). SEA-directed cytotoxic T lymphocytes (CTL) efficiently lysed established HLA class II-positive EC lines as well as primary HUVEC and human microvascular endothelial cells (HM-VEC). In addition to the SDCC against EC, we demonstrate that attenuated and mutated SEA proteins that fail to bind HLA class II proteins, can be linked to EC-reactive MAb, and target CTL to lyse EC. An scFv-SEA chimeric protein, which is selectively reactive to activated EC, may have a therapeutic
RESULTS
The HUVEC-derived EC line EA.hy926 displays an inflammatory phenotype when induced by cytokines. Activated EC express HLA class II and are thus able to bind SAg and present these molecules to T cells. To mimic an inflammatory phenotype, the HUVEC-derived EC line EA.hy926 was activated with either TNF-␣, IFN-␥, or a combination of the two cytokines. In addition to the adhesion molecules ICAM-1 (CD54) and VCAM-1 (CD106), HLA class I and II were analyzed by flow cytometry. When EA.hy926 was incubated with TNF-␣ for 18 h, a 10-fold increase in CD54 expression was detected compared to untreated control cells ( Fig. 1A and B ). After 48 h of IFN-␥ treatment, a 3-fold increase in CD54 density was measured, while a further significant upregulation (12-fold) was observed when TNF-␣ was added in combination with IFN-␥ ( Fig. 1D ). In contrast, TNF-␣ and IFN-␥ stimulation only slightly increased CD106 expression above background levels (1.8-fold; FACSort profile not shown) and no significant CD106 upregulation was observed when TNF-␣ or IFN-␥ was added separately compared to control cultures.
Cytokine treatment also increased expression of HLA class I on EA.hy926 cells. When the EC line was incubated with TNF-␣ or IFN-␥, HLA class I levels were increased 1.2-and 1.3-fold, respectively, compared to untreated controls (data not shown). Up to 1.8-fold more HLA class I was detected when cells were grown in a combination of the two cytokines. As expected, HLA class II expression was strongly enhanced in the presence of IFN-␥ ( Fig. 1G ), while TNF-␣ activation failed to increase HLA class II density (Fig. 1F ).
SEA-induced T-cell-dependent cytotoxicity against cytokineactivated EC. SAg such as SEA bind to HLA class II on APC and direct CTL bearing particular T-cell-receptor V␤ families. To investigate the sensitivity of HLA class II-positive EC to SAg-targeted CTL, activated EA.hy926 loaded with 51 Cr were incubated with SEA-primed human T cells and the SAg SEA. As can be seen in Fig. 2A , SEA induced a dose-dependent and specific SDCC against HLA class II-positive EA.hy926 cells that had been preactivated with IFN-␥ with or without supplementation of TNF-␣. A moderate cytotoxicity (20%) was observed after IFN-␥ stimulation, while combined IFN-␥ and TNF-␣ activation induced a strong SDCC (37%). In contrast, TNF-␣ alone induced only a low sensitivity to SEA-directed CTL (6%).
To dissect the role of the different costimulatory molecules involved in SDCC, we pretreated EA.hy926 cells with TNF-␣ and IFN-␥ and included antibodies directed against CD31 and CD54 in the CTL assay. SDCC was completely abrogated by CD54-reactive MAb (Fig. 2B ), while blocking of CD31 only partly decreased the SEA-induced cytotoxicity compared to the CD10 control antibody. Finally, to confirm that the SEAdependent effects were caused by HLA class II binding, the SEA-D227A molecule was included in the study. SEA-D227A contains a mutated class II binding site and has been shown to have an impaired affinity for HLA class II and consequently fails to activate T cells (1) . SEA-D227A-induced SDCC was less than 5%, proving that the SEA-induced cytotoxicity was indeed specifically due to HLA class II binding ( Fig. 2C ). Taken together, the results show that the SAg SEA that is synthesized by certain strains of staphylococci, is a powerful inducer of cytotoxic responses against HLA class II (and CD54)-expressing EC.
MAb targeting of SEA-D227A to EC promotes T-cell-mediated cytotoxicity. We have previously shown that antibodytargeted SAg reduce the majority of metastases in tumorbearing mice and that this is mainly due to the cytotoxic killing of tumor cells (30) . However, although the treatment is very efficient, a complete cure has not been achieved. Since blood supply is crucial for all tumors, targeting and lysis of EC would be beneficial to tumor treatment. To reduce nonspecific HLA class II binding, the mutant SEA-D227A was chosen and linked to staphylococcal protein A (SpA). The resulting SpA-SEA-D227A chimeric protein made it possible to target the mutated SEA to EC coated with specific MAb directed against cell surface molecules.
To investigate SpA-SEA-D227A-induced cytotoxicity, EA.hy926 cells were loaded with 51 Cr and incubated with an anti-HLA class I MAb for 30 min, followed by the addition of SpA-SEA-D227A. After 4 h of incubation with SEA-primed T cells, released 51 Cr was measured and the specific cytotoxicity was calculated. Interestingly, up to 20% of the SAg antibody-dependent cellular cytotoxicity (SADCC) was induced against EA.hy926 cells when SpA-SEA-D227A was targeted to HLA class I molecules (Fig. 3A) . In contrast, when EC were preactivated overnight with TNF-␣, more than 40% of the EC were lysed. To determine the cytotoxic efficacy, cells (EA.hy926) were incubated at different E:T ratios with a fixed concentration of SpA-SEA-D227A. A dose-dependent increase in cytotoxicity was observed both when unstimulated or TNF-␣-activated EA.hy926 cells were used ( Fig. 3B) . No activity was observed in the absence of anti-HLA class I MAb, indicating the importance of cell surface targeting.
In another set of experiments, EA.hy926 cells were activated with TNF-␣ and incubated with a MAb against CD54, this was followed by the addition of SpA-SEA-D227A and SEA-primed T cells. Significant SADCC was observed at an SpA-SEA-D227A concentration of ϳ1 ng/ml ( Fig. 3C ). Unstimulated cells did not bind any anti-CD54 MAb, and consequently no specific cytotoxicity was measured. Thus, targeting SEA-D227A to surface molecules on the immortalized HUVEC cell line EA.hy926 promoted cytotoxic T-cell lysis of EC.
Primary derived EC are lysed by SAg-directed CTL. To confirm our findings in primary cell systems, freshly prepared HUVEC were stimulated with TNF-␣ for 18 h and analyzed for CD54 and CD106 expression by flow cytometry (Fig. 4A to D). The expression levels for CD54 and CD106 increased 13and 9.5-fold, respectively, compared to unstimulated controls.
In contrast to EA.hy926, HUVEC displayed higher basal levels of CD54 in the absence of prior cytokine activation (compare Fig. 1A and 4A ). TNF-␣-treated HUVEC expressed 10% more HLA class I molecules, which was a slightly smaller increase than that seen on EA.hy926 cells (not shown).
In order to determine the SADCC to primary cells, SpA-SEA-D227A was targeted to HLA class I on unstimulated or activated HUVEC. Up to 20% of the EC were lysed when CTL were directed towards HLA class I on TNF-␣-treated cells (Fig. 4E ). In contrast, only 8% SADCC was observed when unstimulated HUVEC were used as targets. As can be seen in Fig. 4F , it was also possible to direct SpA-SEA-D227A to the VCAM-1 on activated EC by using a specific VCAM-1-reactive MAb. In these experiments, 11% lysis was obtained with activated cells. No lysis was recorded in uninduced control cultures.
An scFv-SEA-D227A fusion protein targets CTL against EC. To efficiently direct CTL against EC, we constructed a recombinant fusion protein consisting of the mutant SEA-D227A and an scFv antibody fragment (K594ScFv) directed toward an unknown EC antigen. The HUVEC-derived cell line EA.hy926 was challenged with TNF-␣, loaded with 51 Cr, and incubated with K594ScFv-SEA-D227A in addition to SEA-primed T cells. Up to 55% cell killing was observed with the chimeric SEA mutant at 1.0 ng/ml (Fig. 5A) . The corresponding value for unstimulated and consequently CD54-negative cells was 25%.
Most tumor blood vessels are of microvascular origin. To determine the sensitivity of HMVEC to SEA-induced CTL, we treated primary HMVEC isolated from human skin with TNF-␣ overnight and performed a cytotoxicity assay. Interestingly, HMVEC expressed CD54 in the absence of any prior cytokine stimulation (Fig. 5B ). However, a slight upregulation of CD54 was observed upon activation (Fig. 5C ). In contrast, these primary cells were negative for CD106 ( Fig. 5D ), but exhibited an enhanced CD106 expression upon TNF-␣ challenge ( Fig. 5E ). When dermal HMVEC were challenged with K594ScFv-SEA-D227A together with CTL, a maximum lysis of 24% was recorded ( Fig. 5F ), however no significant difference was observed between unstimulated or TNF-␣-activated cells. In addition, SEA-D227A without the K594ScFv fragment was included as a negative control. Neither unstimulated nor TNF-␣-activated HMVEC were sensitive to SEA-D227A-triggered T cells, as judged by the absence of any SDCC (not shown). In conclusion, both HMVEC and the HUVEC-derived cell line EA.hy926 were lysed by CTL induced by the fusion protein K594ScFv-SEA-D227A.
DISCUSSION
Many different cytokines are secreted at inflammatory sites and are able to markedly influence the EC phenotype in a number of ways, including upregulation of adhesion molecule expression, HLA molecules, and procoagulant factors (24) . In the present study, we show cytokine-stimulated EC to be sensitive to SEA-targeted CTL; however, to obtain a strong and specific EC killing, preactivation with IFN-␥ and TNF-␣ was required. A clear pattern of induction of adhesion molecule expression was observed; TNF-␣ mainly increased CD54 (ICAM-1) expression on the HUVEC-derived cell line EA.hy926 but also strongly upregulated CD106 (VCAM-1) on primary HUVEC ( Fig. 1 and 4) . Primary skin-derived HM-VEC constitutively expressed CD54, and the costimulatory molecule was only slightly upregulated in the presence of TNF-␣ (Fig. 5) . In contrast, activation with IFN-␥ induced HLA class II on EA.hy926 (Fig. 1) . Interestingly, it has been shown that IFN-␥ strongly enhances TNF-␣-induced endothelial CD54 expression and that the two cytokines exert a synergistic effect on HLA expression (10, 18) . However, our flow cytometry analyses of EA.hy926 cells activated with IFN-␥ and TNF-␣ in combination revealed only a slight CD54 upregulation, while HLA class II density was not further increased ( Fig.  1) .
A significantly enhanced SDCC was induced against EC activated by a combination of IFN-␥ and TNF-␣ compared to EC stimulated with the individual cytokines ( Fig. 2A) . Both a sufficient number of HLA class II molecules to promote the SEA binding and a significant density of CD54 were crucial to obtain a strong EC lysis. The importance of class II binding was further demonstrated when the mutant SEA molecule SEA-D227A, with decreased HLA class II affinity, was included in the study (Fig. 2C) . Several reports exist on SAg induction of T lymphocytes, and it has been shown that S. aureus-derived SEA strongly activates T cells to produce TH1 cytokines such as IL-2, IFN-␥, and TNF-␣ (15, 25, 27, 33, 34) . These findings together with our present data imply that cytokines secreted by SAg-activated T cells and CTL induced by SAg act in a sequential manner to activate EC and subsequently lyse EC displaying an inflammatory phenotype (consisting of HLA class II and CD54).
Blocking of CD54 with specific MAb completely abrogated the SEA-induced EC lysis compared to SDCC against EC that were precoated with an isotype-matched MAb (Fig. 2B) . A key role for CD54 in T-cell-induced SAg-dependent cytotoxicity against fibroblasts and B cells has been extensively documented in previous studies (9, 13) . When CD54 is blocked by specific MAb, SDCC against HLA-DR2 and CD54 expressing L-cell transfectants significantly decreases (9) . Consequently, blocking of the T-cell integrin CD11a/CD18, which is the ma- VOL. 5, 1998 SUPERANTIGENS AND ENDOTHELIAL CELL KILLING 679 on February 23, 2013 by PENN STATE UNIV http://cvi.asm.org/ jor CD54 receptor on T cells, results in up to 80% inhibition of cytotoxicity. Our EC line EA.hy926 expressed low levels of CD106 that increased slightly upon cytokine induction. In contrast to CD54, CD106 expression did not interfere with the SDCC; i.e., any additional interaction of CD106 with CTL was not detected when CD54 was blocked (Fig. 2B ). However, CD106 plays an important role as a costimulatory molecule in T-cell proliferation. In an elaborate study with HUVEC as APC, the importance of CD54 and CD106 in SEB-induced T-cell proliferation has been dissected (17) . When the adhesion molecules CD54 and CD106 are blocked, a pronounced decrease in proliferation is seen, confirming an important role for both adhesion molecules during interactions between SAgactivated T cells and EC. Furthermore, it has been demonstrated that lipopolysaccharide-induced and neutrophil-mediated endothelial cytotoxicity is enhanced when T lymphocytes are present and that this increase is associated with an augmented expression of both CD54 and CD106 (35) .
In contrast to inhibition of the CD54-CD11a/CD18 interaction, CD31 blocking was less efficient and reduced the SDCC by only 50% (Fig. 2B ). In conformation with our results, it has been reported that blockade of human CD31 by addition of MAb or a specific peptide dose dependently abrogates the mixed-lymphocyte reaction (see reference 5 and references therein). Interestingly, when CD31 is blocked, up to 50% inhibition of CTL activity is also observed. Furthermore, by using a CD31-Ig fusion protein, the proliferative response and cytokine (IL-4, IFN-␥, and TNF-␣) production are successfully inhibited in the CD4-CD31 T-cell population (29) . Although the CD31 ligand on T cells has not yet been isolated, murine T cells have been demonstrated to express the ␣v␤3 integrin, which might be a ligand for CD31 (3, 12) . Thus, available data from the literature demonstrate that CD31 is important for T-cell activation but is also involved in CTL function, thus supporting our findings with the SEA-primed T cells and their EC target (Fig. 2B) . The implications of SAg-mediated EC lysis for human disease pathology are intriguing. Excessive exposure to SAg during infection by certain gram-positive bacteria may lead to a TSS that is characterized by fever, hypotension, pulmonary edema, and extravasation of leukocytes. In addition to TSS, Kawasaki syndrome is also suspected to be caused by bacterial toxins (26) . In this obscure disease, a multisystem vasculitis may occur that in some cases leads to complications such as coronary artery aneurysms and ectasia (20) . When examining the cellular pathophysiology in Kawasaki syndrome, a selective expansion of V␤2-positive T cells in the peripheral blood has been observed during acute disease in most patients (19) . Thus, it is tempting to suggest that EC killing by SAg-induced T cells causes tissue damage that contributes to the general pathophysiology (including vasculitis) observed in patients infected with enterotoxin-producing S. aureus.
To target an immune attack against tumor cells, we have genetically engineered tumor-reactive SAg by constructing a fusion protein between the SAg SEA and a Fab fragment reacting with colon carcinoma cells. These Fab-SEA proteins show strong antitumor effects in experimental tumor models (7, 8, 22, 33) . Fab-SEA administered to mice carrying B16 melanoma lung metastases induces recruitment of pseudospecific tumor-infiltrating SEA-reactive T cells to the tumor site, resulting in the eradication of lung micrometastases (8) . MAbbased therapy for a solid tumor is, however, limited by the poor penetration of antibodies. A more favorable approach for attacking tumors by protein therapeutics may be to directly target the highly accessible tumor microvasculature and thereby strangle the supply of nutrients and oxygen to the vast majority of tumor cells. Indeed, an interesting approach consisting of targeting a ricin A toxin to EC in the tumor tissue has been presented by Burrows and Thorpe (4) . Recently, the same group improved the concept by directing a truncated form of the coagulation-promoting cell surface protein, tissue factor, to the tumor vasculature (16) . The tissue factor-dependent activation of coagulation factors FVII and FX, which results in fibrin clot formation, appears to be an efficient strategy for inhibition of tumor growth, since complete tumor regression were observed in a large fraction of treated but not untreated mice. Thus, EC targeting and subsequent destruction of the vasculature has been proven to be an effective approach for cell-targeting tumor therapy.
To investigate SAg targeting to EC in vitro, we constructed a chimeric protein consisting of the mutant SEA-D227A fused with protein A. The resulting SpA-SEA-D227A was targeted to EC by specific MAb directed to EC surface molecules. Constitutively expressed HLA class I and inducible CD54 were chosen as targets on the HUVEC-derived EA.hy926 cell line. A strong SADCC was induced against EC when SpA-SEA-D227A was targeted to class I (Fig. 3A and B) , while targeting to CD54 revealed a slightly weaker SADCC (Fig. 3C ). Two possible explanations exist for the increased SADCC against HLA class I on TNF-␣-activated EA.hy926 compared to unstimulated cells. Firstly, TNF-␣-activated cells express a higher density of CD54, thus promoting CTL activity, as demonstrated in the experiments with wild-type SEA and SDCC ( Fig.  1B and Fig. 2A) . Secondly, the HLA class I expression is increased upon TNF-␣ challenge, and thus more target molecules are displayed. In parallel with EA.hy926, HUVEC were lysed when SpA-SEA-D227A was targeted to HLA class I (Fig.  4E) . As HUVEC were found to display CD106 upon activation with TNF-␣, we also successfully targeted the fusion protein to this adhesion molecule (Fig. 4F) . Taken together, SEA-D227 induced SADCC when specifically directed to HLA class I, CD54, or CD106.
To further refine our experimental system, a chimeric protein consisting of an scFv antibody fragment was linked to the mutant SEA-D227A. This K594ScFv-SEA-D227A recombinant fusion protein was targeted to both the HUVEC-derived cell line EA.hy926 and HMVEC isolated from the dermis. A strong SADCC was induced when EA.hy926 cells were preactivated by TNF-␣ (Fig. 5A) . In contrast, HMVEC constitutively expressed CD54 (Fig. 5C ). However, no additional SADCC was observed when HMVEC were stimulated (Fig.  5F) , revealing that the (presently unknown) EC surface molecule targeted by K594ScFv-SEA-D227A is not upregulated by TNF-␣. From a therapeutic point of view, HMVEC are the most attractive target in that they resemble the type of microvasculature detected in tumors. Thus, SAg targeted to EC that are derived from the microvasculature can be used for directing and activating CTL.
A large problem associated with immunotoxin-based therapies with the goal of targeting drugs to the vasculature is to find suitable EC surface markers that are tumor EC-specific and do not exhibit cross-reactivity with normal blood vessels. Recently, Seon et al. used a MAb directed against endoglin to specifically target EC (32) . The antiendoglin MAb was chemically fused to ricin A to allow a potent effector function. The MAb ricin A conjugate showed a remarkable antitumor efficacy in SCID mice inoculated with the human breast carcinoma cell line MCF-7. Vascular endothelial growth factor receptor 2 and the integrin ␣v␤3 are other examples of EC targets that may be valid for testing in animal models. Interestingly, B16 melanoma-bearing mice treated with C215Fab-SEA show a strong upregulation of CD106 on EC in the tumor area (22) . A significant SADCC was demonstrated in this study when a MAb against CD106 was used to direct SpA-SEA-D227A to the cell surface of HUVEC (Fig. 4) . Although CD106 is probably too nonspecific as a target in a clinical setting, the use of anti-CD106-SEA fusion proteins to validate the concept of T-cell-mediated lysis of tumor vasculature may be tested in the B16 melanoma mouse model.
